The complete genomic sequence of the archaeon Thermoplasma volcanium, possessing optimum growth temperature (OGT) of 60°C, is reported. By systematically comparing this genomic sequence with the other known genomic sequences of archaea, all possessing higher OGT, a number of strong correlations have been identified between characteristics of genomic organization and the OGT. With increasing OGT, in the genomic DNA, frequency of clustering purines and pyrimidines into separate dinucleotides rises (e.g., by often forming AA and TT, whereas avoiding TA and AT). Proteins coded in a genome are divided into two distinct subpopulations possessing isoelectric points in different ranges (i.e., acidic and basic), and with increasing OGT the size of the basic subpopulation becomes larger. At the metabolic level, genes coding for enzymes mediating pathways for synthesizing some coenzymes, such as heme, start missing. These findings provide insights into the design of individual genomic components, as well as principles for coordinating changes in these designs for the adaptation to new environments.
W
e have determined the complete genomic sequence (composed of 1,584,799 bases) of the archaeon Thermoplasma volcanium. Part of this sequence is shown in Fig. 1 A and C by assembling microsquares of four colors. The genus Thermoplasma is unique among archaea, as it is a candidate for the origin of eukaryotic nuclei in the endosymbiosis hypothesis (1) and it is adaptable to aerobic as well as anaerobic environments (2) . However, the focus of this paper is the optimum growth temperature (OGT) of T. volcanium, 60°C (2), which is the lowest among the archaea whose complete genomic sequences have been determined.
A number of genomic factors correlating with OGT are identified in this paper by systematically comparing this genomic sequence with the genomic sequences of seven other archaea possessing higher OGTs. In the figures, a single numbering scheme is used for referring to these archaea; 1 for Pyrococcus furiosus (http://www.genome.utah.edu/), 2 for Pyrococcus OT3 (3), 3 for Pyrococcus abyssi (http://www.genoscope.cns.fr/), 4 for Aeropyrum pernix (4), 5 for Methanococcus jannaschii (5), 6 for Archaeoglobus fulgidus (6), 7 for Methanobacterium thermoautotrophicum (7) , and 8 for T. volcanium.
Materials and Methods
Determination of the New Genomic Sequence. Fragments of the genomic DNA of the strain T. volcanium GSS1 (Japan Collection of Microorganisms number 9571) were cloned and sequenced. The sequences of 138 DNA fragments were assembled into 30 contigs. The remaining gaps were bridged by DNA fragments constructed using the PCR. The average repetition in sequencing the same base positions was 13-fold. The overall completeness of the determined genomic sequence was confirmed by using another set of 140 fragments that altogether covered 88% of the genome. The termini of these fragments were sequenced so that their positions in the determined genomic sequence could be identified. The numbers of bases found in the genomic sequence between these 140 sets of termini were then compared with the sizes of the fragments estimated by their electrophoretic migration. The details of the sequence determination process have been reported (8) . Biological analysis of the sequence is reported in this paper.
Triplet Periodicity in Gene-Coding Region. The factor that we have found to be most efficient for the identification of genes of T. volcanium is the preference for positioning different types of nucleotides in each of the three codon phases. This periodicity is observed uniquely in the gene-coding regions of various organisms (9, 10) , although its implication is not clear (11, 12) . Given a set of standard genes, the average frequencies of each of the four bases in each of the three phases can be determined. These values compose a model so that candidates that fit the model most closely are most likely to be protein genes themselves. For an A base in phase 1, the average frequency with which A occurs in the first phase in the standard genes is a measure of how well this position fits the model. Repeating this process and summing at all positions results in a score for how well the model fits, which is essentially a measure of the ''gene likelihood'' of the candidate.
Genes selected as the standard set were those essential for the survival of this organism: RNA polymerase, tRNA synthetases, ribosomal proteins, etc. These genes were identified manually by using their high sequence homologies to proteins of other organisms having these functions. For each gene candidate ⌺F C nN xF S nN for n ϭ 1-3 and N ϭ A, T, G, C was calculated, where, e.g., F C 1A was the frequency in the candidate of A in phase 1, while, e.g., F S 1A was a similar average frequency in the standard genes (Fig. 2) . While analyzing the scores, a normal distribution was assumed for the larger subpopulation of false candidates; a threshold value was chosen so that all of the real genes, and the smallest number of false candidates, would clear the threshold.
Transcription and Translation Signals. Important measures used for further examining candidates possessing high levels of triplet periodicity were scores for the likelihood of the nucleotide sequences upstream of candidates to function as transcription or translation signals (13, 14) . For each of these signal types, a scoring system similar to that used for measuring the triplet periodicity was used by considering the frequencies at individual positions as well as the frequencies of dinucleotide combinations. Prediction of transcription and translation signals is essential for the optimum determination of protein sequences, as almost all protein genes have multiple numbers of possible start codons.
The Shine-Dalgarno sequence GGAGGTGA, which is complementary to the terminus of 16S rRNA, is the consensus archaeal translation signal. Deviation from the consensus among sequences identified as signals for 167 protein genes commonly found in all of the eight thermophilic archaea decreases with increasing OGT. Consequently, the estimated average binding energy (15) between 16S rRNA and identified signals increases so that binding can be maintained at higher temperatures, with a correlation coefficient, r, of 0.78 along the line OGT ϭ 16.3⌬G-77.2. For initiation of transcription, TATA-binding protein and transcription factor B are required. The transcription signals identified upstream of putative genes in Pyrococcus OT3 (OGT of 98°C) were closer to AAAATTTATAAA (16) , whereas those identified in T. volcanium in this study were closer to AAAATTTATATA. The consensus sequence of Pyrococcus OT3 has a higher equilibrium binding constant to TATA-binding protein, as the consensus sequence of T. volcanium has a higher Each column is composed of 750 lines from top to bottom, and each line is an assembly of 105 microsquares from left to right. Note that this figure is made so that the original sequence can be reconstituted by magnifying the figure. In A and C, gene-coding regions can be visualized as stripes in red and black, as purines are more frequent than pyrimidines in these regions (see text). dissociation rate constant, probably because it is too flexible to maintain the complex with TATA-binding protein (T. Yamasaki, H.K., and M.S., unpublished observations).
Further details of the gene identification will be discussed elsewhere (N.A. and M.S., unpublished results). Detailed information on identified genes will be released to the ARCHAIC database (http://www.aist.go.jp/RIODB/archaic/).
Results and Discussion
Dinucleotide Combination in Genomic Sequences. The first factor whose correlation with OGT is discussed occurs at the level of the nucleotide sequence itself. In Fig. 3A partial genomic sequences of T. volcanium and Pyrococcus OT3 are represented as assemblies of microsquares. For comparison, a random assembly of the sequences of fragments of the mesophilic archaeon Halobacterium halobium is also represented (collected from GenBank http://www.ncbi.nlm.nih.gov/; number 9 in Fig. 3B ). No complete sequence of any mesophilic archaeon has been determined.
Here, these microsquares are differentiated depending on the purine (R)͞pyrimidine (Y) composition of dinucleotides: YY (TT, CC, TC, CT), YR (TA, TG, CA, CG), RY (AT, AC, GT, GC), and RR (AA, GG, AG, GA). With increasing OGT, the overall color of the presentation changes reflecting a shift from a predominance of YR and RY to one of YY and RR. This is consistent with our earlier finding (11) ; in an incomplete version of the genomic sequence of the hyperthermophile Pyrococcus OT3, the YY and RR combinations all occur with frequencies higher than those expected from a random combination of mononucleotides, whereas the YR and RY combinations all occur with frequencies lower than those expected.
To characterize this correlation mathematically, an index, J 2 , has been introduced, which is defined as the subtraction of the frequency of all of the YR and RY combinations from that of all of the YY and RR combinations (Fig. 3B ). Positive J 2 values are calculated for the sequences of all of the thermophiles, but a negative value was calculated for the mesophile H. halobium. A high correlation (with a correlation coefficient, r, of 0.93) has been found between J 2 of the nine sequences and OGT along the line OGT ϭ 293J 2 ϩ46.
This high correlation is consistent with an expectation that similar appropriate levels of flexibility need to be maintained by genomic DNAs for proper interaction with proteins at different OGTs. Thus, genomic DNA molecules of hyperthermophiles are expected to be least flexible. In fact, statistical study of DNA crystal structures has shown that the positioning of purine and pyrimidine rings in the YR combinations creates the smallest conformational restrictions (17) (18) (19) (20) . Indeed, DNA structures have the largest deviations at YR combinations, the DNA being largely bent at these points in many complexes with proteins. Therefore, YR combinations have been related to the flexibility of DNA. Frequencies of YR and RY become associated, because to produce a second YR, the first YR needs to be followed by an RY.
Further details of the predominance of YY͞RR to YR͞RY in genomes of thermophiles will be described elsewhere. In short, this predominance was found both in gene-coding regions and, similarly, in noncoding regions. In gene-coding regions, the predominance is created by the amino acid content of proteins and the codon usage for individual residues. For instance, the content of methionine decreases with increasing OGT, and this results in a decrease in the frequency of YR͞RY, where the single codon of Met ATG possesses only RY and YR. Among the arginine codons, frequency of those possessing only RR rises with increasing OGT. As a consequence of all of these factors, pairs of bases positioned at the junction of codons in phases 3 and 1, and those positioned inside codons in phases 2 and 3, contribute to enhance the predominance to similar extents.
No Correlation Between Genomic G͞C Content and OGT. Because an increase in the G͞C content raises the stability of interactions between a pair of DNA strands (21) , it is reasonable to expect high G͞C contents in the genomes of thermophiles. In fact, no meaningful correlation is found between OGT and the genomic G͞C content. Cations stabilize the double-stranded conformation of DNA by canceling the negative charges of phosphates (21) , and increasingly higher in vivo K ϩ concentrations have been reported for some thermophilic archaeal species with increasing OGT (22) . With the K ϩ concentration in hyperthermophiles of the Pyrococcus genus being as high as 800 mM (23), the double-stranded conformation can be maintained at temperatures close to 100°C (24) .
High correlations have been found between OGT and the G͞C content of tRNA and rRNA sequences of the nine archaea; r ϭ 0.92 along the line OGT ϭ 4. (25, 26) and the in vivo salt concentration need to be considered additionally.
Principles of Gene Identification. Other factors correlating with OGT have been identified by analyzing protein genes predicted to be coded in the genome of T. volcanium. These genes have been identified by a method essentially the same as that applied to the genome of Pyrococcus OT3 (refs. 16 and 27; see also Materials and Methods). On average, genes are coded approximately every 1,000 bases in microorganisms. Whereas approximately 1,600 genes are expected in the genome of T. volcanium, there exist 5,321 sections beginning with start codon combinations, ending with stop codon combinations, and being formally able to code for 50 or more amino acid residues. Therefore, precise gene identification becomes possible only by finding factors in the light of which the two subpopulations of real genes and false candidates are separated from each other as much as possible (28) .
Of these candidates, 1,524 were ultimately identified as real genes. In Fig. 2 , one of the factors used in our gene identification, the triplet periodicity (see Materials and Methods), is plotted for the total set of candidates and the subset finally identified as genes. The use of this characteristic is rationalized by the clear bimodal distribution of all candidates, separating approximately 1,600 candidates from the rest. In contrast, identified genes show a unimodal distribution, corresponding well to one of the two initial subpopulations. We take this fact as an indication of the overall precision of our gene identification.
Genes can be identified on the basis of their sequences rather than their homology to known genes, and this can be readily represented visually. In Fig. 1 A and C, gene-coding regions can be visualized as stripes in red and black, where regions are coding for genes along the strand of the sequence shown, or stripes in yellow and white, where regions are coding for genes along the complementary strand. These stripes are created because in gene-coding regions purines are more frequent than pyrimidines as a consequence of the triplet periodic combination (16, 29) . The average number of bases in genes is approximately 1,000; thus, in Fig. 1 A and C , genes are expected to span multiple lines. No such stripe is seen in the same type of representation of a random combination of the four bases (Fig. 1B) .
Bimodal Distribution of Protein pI. When high resolution twodimensional electrophoresis was first applied to the proteins extracted from Escherichia coli (30) , it was noticed that the majority of proteins were acidic. Later, this was complemented by systematic collection of protein sequences confirmed at the amino acid level (31) . In contrast, the pI values of the proteins determined in this study to be encoded in the genome of T. volcanium show a bimodal distribution (Fig. 4A) , with the two subpopulations separated by a pI gap at around 8. Proteins identified to be coded in the genome of Pyrococcus OT3 (27) show a similar bimodal distribution, but the basic subpopulation is larger than that of T. volcanium (Fig. 4A) .
To confirm the relationship between pI and OGT, pI values of 167 types of proteins commonly coded in the genomes of the eight thermophiles have been compared. Within each genome, the genes of these proteins are unique, and across the different genomes high homology between the sequences of each type is found. Thus, these are reliable sets of orthologous proteins. Average pI values of sets of proteins coded in individual genomes show a high correlation (r ϭ 0.79) to OGT along OGT ϭ 26 pI Ϫ 123 (solid line in Fig. 4B ). When the average pI values of the three protein populations in Fig. 4A are added to the calculation, an even higher correlation (r ϭ 0.88) is found along OGT ϭ 30 pI Ϫ 152 (broken line in Fig. 4B ).
This increase in the average pI of 167 proteins is induced mainly by a decrease in the content of aspartic acid along the line (31) . In vivo pH level of two archaea, Thermoplasma acidophilum (33) and Sulfolobus acidocaldarius (34) , is indicated at 6.0. (B) Average isoelectric points calculated for a set of 167 proteins (E) and for the proteins in A (᭛) plotted vs. OGT. Among the former, a high correlation (r ϭ 0.79) is identified along the solid line, OGT ϭ 26 pI Ϫ 123, whereas a higher correlation (r ϭ 0.88) is identified along the broken line, OGT ϭ 30 pI Ϫ 152, for all of the entries. Note that with increasing pI, OGTs of thermophiles change from 60 -65°C (numbers 7 and 8) through 83-85°C (numbers 5 and 6) to 95-100°C (numbers 1-4) stepwise in this order, showing the correlation of the two parameters.
extremely
show that as a consequence of this ratio, the gap in pI at around 8 naturally occurs. When this ratio is small, the pI of a protein is kept close to neutral pH only by canceling the charges of highly acidic and highly basic residues with each other. However, incorporation of a single acidic or basic residue breaks this balance, largely shifting the protein pI to a point close to the pK of the new residue.
We have not yet formulated a concrete explanation for the correlation of the average protein pI and OGT. However, there seem to be some hints. It has been observed that proteins extracted from cells, even after dilution, become unfolded and aggregated at high temperatures (32) . The smallest net charge is expected for proteins in the acidic subpopulation, as archaeal in vivo pH is approximately 6 (33, 34) and thus is close to the average pI of this subpopulation, approximately 5.5 (Fig. 4A) . As unfolding of proteins is accelerated with increasing OGT, a possible strategy to minimize aggregation of proteins that are highly concentrated in vivo is to shift protein pI values to the basic side of the gap around 8, thereby increasing the net charge.
As has been reported with a eubacterium (35) , lack of precision in gene identification as well as difficulty in extracting basic proteins can cause inconsistencies between proteins theoretically predicted and experimentally identified. We have found that the efficiency in extracting basic proteins is largely improved by the use of HCl. With this method, basic proteins have been extracted in increasingly larger numbers and amounts from E. coli, T. volcanium, and Pyrococcus OT3 in this order.
It is not simple to estimate temperature-dependent changes of protein pI. However, if the temperature-dependent changes in pK values of Asp and Glu, and of Lys and Arg, respectively, are similar to those of carboxylic acids and amines, the correlation between OGT and pI will remain.
Metabolism and OGT.
Correlation with OGT is also found at the level of individual proteins. Metabolic precursors of some coenzymes, such as heme, are unstable at high temperatures (36) so that, with increasing OGT, the pathways for synthesizing these coenzymes will be significantly modified or lost. The pathway for synthesizing heme is expected to be intact in T. volcanium, as nearly all of the enzymes mediating this pathway have been identified (Fig. 5A) . Methanogens surviving at higher temperatures have enzymes sufficient to constitute the first half of the pathway, up to the point where a branch for synthesizing coenzyme F430 can be entered. However, none of these enzymes is identified in Pyrococcus surviving at the highest OGT, suggesting that heme-related coenzymes are totally replaced by more thermostable ones. Similarly, pathways for synthesizing acetyl CoA, acyl CoA, and folic acid become incomplete with increasing OGT.
The presence of some other genes in the archaeal genomes is also related to OGT (Fig. 5B) . Functions of some of these products are associated with superstructure formation of DNA. Hyperthermophilic archaea have enzymes for producing and relaxing positive superhelicity in DNA (37), reverse gyrase, and topoisomerase VI, respectively. These genes are missing from the genome of T. volcanium, which has gyrase and DNA topoisomerase I for producing and relaxing, respectively, negative superhelicity. Furthermore, the eubacterial histone-like protein HU (38) is found only in the genome of T. volcanium, but archaeal histone, which is closely related with eukaryotic histone proteins, is missing from this organism.
Among proteins assisting in folding of other proteins (39, 40) , molecular chaperones DnaJ, DnaK, and GrpE are coded only in the genomes of two archaea of the lowest OGTs. Another heat shock protein, FtsJ, is coded only in the genomes of archaea whose OGTs are 85°C or lower. Peptidylprolyl isomerase is found coded in all of the eight archaeal genomes, whereas protein disulfide isomerase is missing from these genomes. These differences do not correspond to the phylogenic subclassification of archaea; only A. pernix belongs to crenarchaeota, whereas the rest belongs to euryarchaeota (see National Center for Biotechnology Information database, http://www.ncbi.nlm.nih.gov/ Taxonomy/taxonomyhome.html/).
Genomic Organization and Its Components.
One of the ultimate goals of genome science is to predict, on the basis of a genomic Even if an enzyme is not identified by homology, its enzymatic activity might still be produced by a protein of a yet unknown sequence. Therefore, metabolic pathways need to be discussed by carefully considering overall patterns. From this point of view, it is likely that step 8 in A is functional in Thermoplasma.
sequence alone, the overall organization from molecular to higher levels, eventually leading to possible interactions of an organism with its environment. This goal can be approached by systematic comparison of genomes of related organisms adapted to both similar and different environments, thereby identifying corresponding reflections in genomic sequences. The reflections discussed in this paper are those of adaptation to higher temperatures and can be used for the prediction of OGT, given a new archaeal genomic sequence.
Among the reflections discussed in this paper, some are more indirect than others. A possible strategy for maintaining the double-stranded conformation of genomic DNA at a high temperature is to increase the intracellular salt concentration. This would require other components to be redesigned, and this could include a shift of protein pI values to avoid bulk neutralization and, thus, aggregation. However, simply shifting pI values would not generally stabilize individual proteins. Adaptation to a new environment should often necessitate a coordinated change in the genomic organization, rather than independent modification of individual components. Higher frequency of charged residues in proteins of thermophiles has been reported (41) . Yet, it is not clear whether this is a process of redesigning proteins to adapt directly to high temperatures by stabilizing protein conformations with salt bridges (41) or to do so indirectly by keeping the same conformational stability at high salt concentrations.
For adapting to the same environment, different strategies can be adopted. It is not known whether higher in vivo salt concentration is associated with increasing OGT of eubacteria. If the double-stranded DNA conformation needs to be stabilized at high temperature by some other factors, reflection in their nucleotide sequences would be different from what is described in this paper. Thus, for identifying reflections of adaptation to the same type of environmental changes, it is important to limit genomes compared with those that all have adopted the same type of strategies. Our focus in this paper is on archaea, and findings are not meant to be generalized without further examination of other types of organisms.
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